Abstract. Measurements of volatile organic compounds (VOCs) were made at three rural sites in the southeast U.S. national parks: Mammoth Cave National Park, Kentucky; Cove Mountain, Great Smoky Mountains National Park, Tennessee; and Big Meadows, Shenandoah National Park, Virginia. In 1995 the three locations were sampling sites for the Southern Oxidants Study (SOS) Nashville Intensive, and the measurements of VOCs for Shenandoah were also made under contract with the National Park Service. Starting in 1996, the National Park Service added the other two parks to the monitoring contract. Hydrocarbon measurements made during June through September for the years 1995, 1996, and 1997 were analyzed in this study. Source classification techniques based on correlation coefficient, chemical reactivity, and ratioing were developed and applied to these data. The results show that anthropogenic VOCs from automobile exhaust appeared to be dominant at Mammoth Cave National Park, and at Cove Mountain, Great Smoky Mountains National Park, but other sources were also important at Big Meadows, Shenandoah National Park. Correlation and ratio analysis based on chemical reactivity provides a basis for source-receptor relationship. The most abundant ambient VOCs varied both in concentration and order depending on park and year, but the following VOCs appeared on the top 10 list for all three sites: isoprene (6.3 to 18.4 ppbv), propane (2.1 to 12.9 ppbv), isopentane (1.3 to 5.7 ppbv), and toluene (1.0 to 7.2 ppbv). Isoprene is naturally emitted by vegetation, and the others are produced mainly by fossil fuel combustion and industrial processes. Propylene-equivalent concentrations were calculated to account for differences in reaction rates between the hydroxyl radical and individual hydrocarbons, and to thereby estimate their relative contributions to ozone formation.
Introduction
Hydrocarbons play a key role as a precursor to ozone and other atmospheric photochemical oxidant formation. Since the passage of the 1970 Clean Air Act Amendments (CAAA), regulatory efforts to comply with the 0.12 ppm National Ambient Air Quality Standard for ozone have proved inadequate [National Research Council (NRC), 1991; Dimitriades, 1989] . Ozone nonattainment continues to be a problem, especially in the southeast United States, and is attributed to excessive amounts of biogenically emitted volatile organic compounds (VOCs) such as isoprene [Trainer et al., 1987; Chameides et al., 1988; NRC, 1991] . The situation in rural areas where ozone concentrations are high is even less clear. Although biogenic VOCs can be high in heavily forested areas, the relative contribution of ozone from local production versus transport of ozone is still a question. The literature on VOCs in the troposphere [Hagerman et al., 1997; Carter, 1996; Lawrimore et al., 1995; Andronache et al., 1994; Boudries et al., 1994; Jobson et al., 1994; Chameides et al., 1992] is helpful, but not specific for the areas of interest. The expectation from previous studies is that the rural areas described in this paper are NO x -limited for the formation of ozone.
In order to further investigate impacts of hydrocarbons and transported pollutants on air quality in rural areas, the National Park Service (NPS) is currently acquiring ambient data that includes intermittent hydrocarbon samples and continuous measurements of O 3 , NO y , NO, SO 2 , and CO in the three parks. In this study, 3 years of data (1995) (1996) (1997) are examined for the summer (June through September) maximum photochemical activity period. We (1) provide high-quality QA/QC data for an observational based analysis and for use by modelers, (2) develop appropriate techniques to identify sources of rural VOCs, (3) use correlation and ratio analysis based on chemical reactivity to provide a basis for source-receptor relationship, (4) compare the composition of VOCs at different sites, (5) analyze the contribution of rural VOCs using propylene-equivalent concentrations to ozone formation potential, especially in relation to isoprene, (6) evaluate relative contributions of different classes of VOCs to the total concentration and ozone formation potential, and (7) examine the relationship between isoprene concentrations and temperature.
Experiment
Ambient air samples for determination of VOCs were collected in canisters at three enhanced monitoring sites ( Figure  1 ) in the southeast United States. In addition, ozone, nitrogen oxides, carbon monoxide, sulfur dioxide, and meteorological parameters were measured. The northernmost location, Shenandoah National Park, Big Meadows site (SHEN), is in rural Virginia at 1073 m elevation in a clearing along a ridge (38Њ31Ј21ЉN, 78Њ26Ј09ЉW). The other two sites are rural locations in the Great Smoky Mountains National Park at Cove Mountain (GRSM), Tennessee, elevation 1243 m (35Њ41Ј48ЉN, 83Њ36Ј35ЉW) and at Mammoth Cave National Park (MACA), Kentucky, elevation 219 m (37Њ13Ј04ЉN, 86Њ04Ј25ЉW). Each site is part of the NPS gaseous-pollutant monitoring network. All the three sites are located within heavily forested areas with either a clearing for the site itself or a tower above the trees.
The dominant tree species at MACA and SHEN include oaks and hickories; and at GRSM they include maple, buckeye, birch, beech, spruce, poplar, pine, oak, and hemlock. A small relocation of the MACA site occurred during mid July 1997.
Ambient air samples were collected in stainless steel electropolished canisters using an automated pump. In 1995, inlet tubing was 19 mm OD Teflon tubing at SHEN, and 19 mm OD nickel tubing at the other two sites, and the inlet was at 10 m. In 1996 and 1997, inlet tubing was changed to Teflon at all sites, and the inlet was raised to 13 m at SHEN. One-hour integrated sampling was used, and only samples collected during 1200 to 1300 local time (LT) were used in this study. After collection, the samples were returned to the University of Miami, Rosenstiel School of Marine and Atmospheric Science (RSMAS) for analysis. The analytical system used for this study was an upgraded version of the system described in detail by Farmer et al. [1994] . Basically, the system consisted of a modified Entech model 7000 concentrator, with cryotrapping and cryofocusing capabilities. Ambient air samples were pulled through a cryotrap, containing glass beads and Chromasorb A, held at Ϫ180ЊC. The compounds retained in the cryotrap were then transferred through a drying column to a second mixed bed sorbent trap [Riemer et al., 1998 ]. This second trap was then desorbed, and the trapped compounds were transferred to the cryofocuser. At the end of the transfer the cryofocuser was flash heated to 100ЊC, and the gas chromatographic run was started. The gas chromatograph was a Hewlett-Packard 5890 Series II with flame ionization detection. Standards, both for retention time and quantification, were run routinely, and four internal standards were added to every chromatographic run to verify performance of the analytical system. Identification of the target compounds was confirmed by mass spectrometer analysis. On the basis of previous studies of ambient air [Bernardo-Bricker et al., 1995] and replicate analysis performed during this study, the method detection limit is 0.10 parts per billion carbon (ppbc), with an uncertainty of Ϯ20%. Any target compounds not detected in the sample above 0.10 ppbc were reported as not detected (ND) and were not included in any statistical analysis.
being dominant although most likely contaminated by local sources, so the sampling pattern was changed in 1996 as described above. Even so, isoprene with mean concentration of 17.03 Ϯ 9.27 ppbv seems reasonable. In 1996, propane (12.88 Ϯ 11.39 ppbv), n-butane (7.14 Ϯ 6.46 ppbv), and toluene (6.62 Ϯ 6.0 ppbv) show concentrations greater than isoprene (6.26 Ϯ 4.43 ppbv). In 1997, isoprene (10.09 Ϯ 9.95 ppbv) is dominant, followed by propane (6.42 Ϯ 2.75 ppbv). TNMHC is about 10% higher at SHEN than at the other two sites, with mean concentration in the range 64. 44 Ϯ 30.38 ppbv (1997) to 72.08 Ϯ 39.35 ppbv (1996) . This suggests that SHEN is influenced by sources different from those at MACA and GRSM, even when the 1995 data are excluded. This problem is discussed in detail in the following sections. Figure 2 gives fractional contributions of various classes of hydrocarbons to the total hydrocarbons at the three sites. Figure 3 provides the variations of total VOCs and different classes of hydrocarbon at each site with year (it should be noted that the number of observations is limited in some years at some locations; there are 10 observations at MACA in 1996 and at GRSM in 1997 . At MACA and GRSM (Figures 2d-2f ) the fractional contribution of ALKENES to the total is similar, largest in 1997 (17% for MACA and 19% for GRSM) and lowest (4% for both) in 1996, and the contributions in 1995 are also similar (7% for MACA and 8% for GRSM). The contribution of ALKANES at MACA was relatively stable for the 3 years (from 40% to 44%), but at GRSM it changes from 31% (1996) to 40% (1997). In fact, as Figure 3 shows, ALKANES at GRSM increases year by year from 1995 to 1997, but remains relatively stable at MACA. The contribution of TOT-AROM at MACA also remains relatively stable (10 to 14%) in 1996 and 1997. At GRSM it is similar in 1995 and 1997, but in 1996 stands high by a large margin and is the largest contribution to the total. This is because in this year there were continuously high concentrations of 1,2,4-trimethylbenzene (16.61 Ϯ 3.94 ppbv); this problem is discussed further in the following sections. NAT-HC varies over a larger range at both locations. This is because NAT-HC varies with temperature, light intensity, and vegetation. In general, ANTH-HC at GRSM and MACA show similar behavior in both concentration and distribution, suggesting that these two parks are under the same regional influence as ANTH-HC. However, the situation is different at SHEN. For the reason mentioned above for the 1995 data for this site, here the concentration and distribution for only 1996 and 1997 data are discussed. As Figures 2g and 2h show, ALKANES are dominant in both years (61% in 1996 and 53% in 1997), followed by TOT-AROM (ϳ21%). ALKENES at SHEN are almost the same in both concentration and contribution to the total in both years. As Figure 3 shows, all the groups are quite consistent over 2 years. Compared with those at MACA and GRSM, the concentrations of ALKANES and TOT-AROM are significantly higher, but ALKENES and NAT-HC are lower at SHEN. This signifies that SHEN was under different influence of anthropogenic hydrocarbon sources than MACA and GRSM.
3.1.2. Variation with date. Figures 4a-4c give the variation of concentrations of three major anthropogenic groups with date at each site for each year. The three groups are ALKANES, ALKENES, and TOT-AROM. In 1995 all three sites were sampling sites for Southern Oxidants Study (SOS) Nashville Intensive, with sampling dates continuous from June 20 to July 25 at MACA and GRSM, and from July 14 to July 28 at SHEN (save a few interrupts due to failed sampling or analysis). In 1996 and 1997, samples were collected roughly once every 6 days at all three sites, with some exceptions. Despite a small relocation during 1997 at MACA, it does not seem to affect the proceeding discussion. Let us first compare the variations for the three sites (Figures 4a-4c ). The three hydrocarbon groups generally follow almost the same variation pattern with date. Among the three sites, MACA and GRSM have much in common in terms of the variation patterns for all the three groups in 3 years. For example, in 1995 the variation at both sites is more drastic than that in the other 2 years, especially for ALKENES. If we compare ALKENES with TOT-AROM for the 1995 data, the following pattern exists: prior to June 28, the concentrations of ALKENES are less than those of TOT-AROM; after June 29, both concentrations are almost the same. In 1996 both AL-KANES and ALKENES peak, and TOT-AROM drops, around August 8 at both sites except that the concentrations of TOT-AROM are generally higher at GRSM. In 1997 both sites experience relative smooth variations for the three groups, and the concentrations of ALKENES are persistently higher than those in the other 2 years (the concentrations fluctuate around the 10 ppbv gridline, and most values are larger than those of TOT-AROM on the same date). From the above analysis we can conclude that anthropogenic compounds at MACA and GRSM varied similarly with date. This indicates that the two parks might have been influenced by the same hydrocarbon sources. From the topological locations (Figure 1 ) of these two parks, we may conclude that these two parks were under the same regional influence with regard to anthropogenic hydrocarbons.
In general, the variation pattern of all three groups at SHEN (Figure 4c ) differs from that at the other parks. For all 3 years, ALKANES have the largest concentrations (except in 1995 when the suspicious compounds, isopentane and n-pentane, are taken out from the calculation of ALKANES in Figure 4c (top)), TOT-AROM has the second largest, and ALKENES have the least. In 1995, TOT-AROM has higher concentrations than that in the other 2 years, but the variation trend is the same as that for other groups. Compared with MACA and GRSM, the most significant characteristic of SHEN is that the concentrations of TOT-AROM are higher through all 3 years, and the concentrations of ALKENES are on the same level. This indicates that the anthropogenic sources of hydrocarbons at SHEN must have been different from those at MACA and GRSM.
Identification of Anthropogenic Hydrocarbons and Their Sources
Usually hydrocarbons in the atmosphere are classified as anthropogenic or biogenic, according to their origin. Traditionally, paraffins and aromatics are regarded as anthropogenic, and isoprene, pinenes, limonene, etc. are regarded as biogenic. Although this classification may be too arbitrary, since some paraffins and aromatics may also be produced by biogenic processes [Hewitt, 1999] lution and misidentification are unavoidable. Nevertheless, compounds such as propane, isopentane, benzene, and toluene are thought to be precisely identifiable and quantifiable, and the validity of other compounds in the same data set can be checked against these compounds. Henry et al. [1994] first suggested that the matrix of scatterplots of all compounds versus acetylene be used as a diagnostic tool to screen a data set. However, acetylene is one of the most challenging compounds to measure, and its concentration may be suspect in some cases. Lewis et al. [1998] further suggested using total nonmethane organic compounds (TNMHC) instead of acetylene to make a scatterplot matrix for all the identified PAMS target compounds. The basis of this method is that, if hydrocarbons in the atmosphere come from one dominant source or if the source composition is relatively stable over time, then the major constituent should have a linear relationship with TNMHC. For example, in an urban atmosphere, automotive exhaust dominates TNMHC, and the source composition is relatively stable since all sources are close to the affected atmosphere. One would expect compounds in urban areas, especially those that come primarily from vehicles, to be highly correlated with TNMHC, just as isopentane shows a very good relationship in their example. However, this expectation holds only where TNMHC source composition is stable. As far as rural atmosphere is concerned, TNMHC may arise from two or more major sources. Furthermore, source composition varies with wind direction and speed because most TNMHC components may have been transported from other areas. If the above method is used, one may expect that a well-behaved scatterplot cannot be obtained. Furthermore, in some cases the correlation between isoprene (the dominant biogenic compound) and TNMHC may be better than that between isopentane and TNMHC. Therefore the scatterplot method cannot be applied directly to the analysis of rural hydrocarbon data. In addition, the scatterplot method can result in a false conclusion. For example, if one compound dominates TNMHC, since TNMHC also includes this compound, this compound is guaranteed to have a well-behaved scatterplot. The problem here is that the individual compound is a member of the total; that is, there is no independent variable in the plot.
In order to avoid the above problems a different strategy is adopted in this study. Instead of showing a scatterplot matrix, Tables 3a-3c list statistically significant (except some of the most abundant compounds) correlation coefficients between individual compounds and ANTH-HC in descending order at each site for all 3 years. For calculations of the correlation coefficient for one compound, the concentration of this compound is subtracted from the total concentration of ANTH-HC. In other words, the correlation coefficient for one specific compound represents the correlation between this compound and all other anthropogenic compounds in consideration as a whole. If we consider ANTH-HC as the background anthropogenic hydrocarbons at a location, the correlation coefficient of one specific compound with ANTH-HC can be used as a measure to see whether this compound is a persistent component of ANTH-HC. On the other hand, if one compound has high mean concentration, but low correlation coefficient, then either this compound might have been contaminated during the process of sampling and/or analysis or the ANTH-HC influencing this location might have different compositions at different times.
For convenience of comparison, Table 4 The values in the table are the weight percent of each compound of the total nonmethane organic compounds. Eight major sources modified from Fujita et al. [1995] are included. At the location of a source the correlation coefficient of any component emitted by this source should be equal to one regardless of component reactivity because no reaction has taken place. However, assuming that the dilute effect of air is the same for all components, then the ANTH-HC of the air mass contains increasingly fewer reactive compounds after the air mass is transported some distance because the more reactive hydrocarbons are removed at a faster rate than the less reactive ones during transport. Thus, if two compounds with different reactivity are emitted at the source, initially both should show similar correlation with ANTH-HC; yet the farther the air mass moves away from the source, the worse the correlation of the more reactive one with ANTH-HC is relative to that of the less reactive one. Therefore, through crossexamination of the correlation coefficient and the mean concentration of one compound, when compared with the fingerprints of hydrocarbons in major sources, one can infer the data validity of major components, source contribution, and air mass age.
As expected, Tables 3a-3c indicate that some aromatics and alkanes, which are considered to be anthropogenic compounds, have higher correlation coefficients with AHTH-HC than do biogenic compounds. However, the correlation coefficients of isoprene with ANTH-HC are near zero or negative because isoprene is not a member of ANTH-HC. When one compares Table 2 with Table 3a for MACA, in 1995 most of the anthropogenic compounds listed in Table 2 do not show significant correlation with ANTH-HC except toluene (0.6089), isopentane (0.5159), and propane (0.3872). The same situation exists for 1996 data: among all the abundant anthropogenic compounds, only styrene (0.8806) significantly correlates with ANTH-HC. However, styrene is suspected to coelute with another compound, and so its concentration is unreliable. However, the 1997 data show a different view, in which propene, ethane, 2-methylpentane, 3-methylpentane, and isopentane show significant correlation with ANTH-HC (from 0.6035 for ethane to 0.9001 for isopentane; the correlation coefficient for propane, 0.5659, is just beyond the significant value: 0.576 at 5% significant level for a degree of freedom of 10). This may suggest that the anthropogenic hydrocarbon sources that affected MACA in 1995 and 1996 are more complex than those in 1997 during the sampling period. Some compounds, such as ethylbenzene, toluene, and n-hexane, persistently show higher correlation coefficients through all 3 years, even though their concentration might be comparatively lower than others. In Table 3a the obvious feature is that in 1997, as opposed to previous years, some alkene compounds such as cis-2-butene, propene, and ethene show strong correlation with ANTH-HC. In fact, the mean concentration of propene is also significantly large (3.794 ppbv), making it the most abundant anthropogenic compound (Table 2) in 1997. Considering that the lifetimes of these alkene compounds in the atmosphere are less than 1 day [Warneck, 1988] , one may conclude that the major anthropogenic hydrocarbon sources that affect the site in 1997 are closer to the site than they are in the previous years. In Table 4 , propene is emitted mainly by two sources: automobile exhaust and liquefied petroleum gas. If automobile exhaust is the major source in 1997, then ethene should show a higher mean con- centration than propene because of its higher emission rate. However, the mean concentration of propene is ϳ10 times higher than that of ethene at both locations. Therefore liquefied petroleum gas must constitute a higher component of the ANTH-HC sources in 1997 at MACA and GRSM than that in other years. The situations at GRSM are very similar to those at MACA, albeit with some subtle differences. In 1996, 1,2,4-trimethylbenzene is the most abundant compound (mean concentration of 16.65 ppbv in Table 2 ), but it does not correlate with ANTH-HC at all. Unless 1,2,4-trimethylbenzene can be produced by a biogenic process like isoprene (unlikely), its concentration is suspect. The same problem shows up at MACA as well in both 1996 and 1997: it is among the top 10 most abundant compounds, but its correlation with ANTH-HC both years is not significant. Therefore the data for 1,2,4-trimethylbenzene in this data set cannot be used.
The situations at SHEN are quite different. First, most of the abundant anthropogenic compounds in Table 2 also have large correlation coefficients in Table 3c . Exceptions include n-butane in 1995, isopentane, ethane, and methylcyclohexane in 1996, and styrene in 1997. Second, if we ignore the problematic 1995 data temporarily, and compare the 1996 and 1997 data in Table 3c top down, most of the compounds that show upper high correlation coefficients in 1996 show high coefficients in 1997 as well. This means that the compositions of the anthropogenic hydrocarbon sources that affected SHEN are very similar in 1996 and 1997. In fact, if isopentane and npentane, the most problematic compounds in 1995, are excluded, many other compounds in 1995 also resemble the other 2 years' data. This signifies that the ANTH-HC sources that affect SHEN are consistent for the 3 years studied. Even though toluene has significantly higher mean concentrations persistently in all 3 years compared with its concentration at other sites, since it highly correlates with ANTH-HC at this site, the validity of toluene concentration is not suspect.
Next, let us examine the correlation coefficients of some selected compounds. First, let us compare isopentane with propane in Tables 3a-3c. At MACA and GRSM the correlation coefficients of isopentane are always larger than those of propane in all 3 years. At SHEN, due to the problem of isopentane mentioned above for 1995, we ignore the 1995 data. The correlation coefficients of propane are always larger than that of isopentane in 1996 and 1997; but in the other two sites the correlation coefficients are always lower in all 3 years. Second, let us look at benzene versus toluene. At MACA and SHEN the correlation coefficients of toluene are always larger than those of benzene, but at GRSM the relationship is reversed. As Table 4 shows, propane comes mainly from natural gases (CNG, GNG, and LPG), but isopentane comes mainly from automotive exhaust, liquid gasoline, and gasoline vapor. If automotive exhaust is the major source at a location, then the correlation for isopentane should be better than that for propane. On the basis of the above argument we qualitatively conclude that at MACA and GRSM automotive exhaust makes a larger contribution than it does at SHEN. Benzene and toluene are emitted mainly by automobile exhaust and gasoline, and in these sources the two compounds are always produced together. Another major source of toluene is solvent emissions, especially from industrial coating (Table 4) . If the major sources are automobile exhaust and gasoline, the correlation coefficients of both compounds should be similar. In fact, in most cases, both significantly correlate with ANTH-HC. However, because of the filter effect of the atmosphere, their correlation and relative concentration change. For example, the lifetime of benzene is over 5 times greater than that of toluene [Warneck, 1988] . Near the source, because toluene has a larger emission rate than does benzene, its correlation with ANTH-HC is better than that of benzene, and this is the case at MACA and SHEN. When the air mass travels some distance, as argued above, the correlation of toluene with ANTH-HC becomes worse than that of benzene, and this is the case at GRSM. The larger correlation coefficients and higher mean concentrations of toluene at SHEN compared with benzene strongly signify that there is a large contribution of solvent source. On the basis of the above analysis the following preliminary conclusions emerge: (1) MACA and GRSM are affected by the same regional anthropogenic hydrocarbon sources, and the age of air mass is older at GRSM than at MACA. (2) In addition to automobile exhaust, contributions from other sources are suggested. The 1997 data at MACA and GRSM suggest a local contribution from liquefied petroleum gas. Data for 3 years at SHEN suggest significant contribution from solvent to the anthropogenic hydrocarbons.
Correlation and ratio analysis based on chemical reactivity.
In order to further investigate the source composition of hydrocarbons and to differentiate between local and transported sources, the correlation coefficients between some compounds and the ratio of their concentrations were examined. Because of the filter effect of the atmosphere mentioned above, during long-range transport the correlation and concentration ratio between each other change. If two compounds are produced by local automobile exhaust, a large correlation coefficient (approaching 1) is expected between them, and the ratio of their concentrations is close to the ratio of their emissions. If they are transported from a remote location, the correlation coefficient is expected to be less, and the ratio of their concentrations is expected to be other than unity.
Since benzene and toluene are emitted together by automobile exhaust and gasoline, and are the major sources for anthropogenic hydrocarbons in urban areas, these two compounds are analyzed first. Assuming that the sole sink for benzene and toluene is the reaction with OH and both reactions are first order, then the reaction rates can be expressed as Using (3), we plot the variation of benzene to toluene with time for three different anthropogenic sources (Table 4) in Figure 5 . If benzene and toluene come from any of these three sources, then the ratio should be within the upper and lower curves (the literature reveals some discrepancies between fingerprints of hydrocarbons; here the ratio can be viewed only as a rough estimate). Table 5 lists the benzene/toluene ratio at all three sites for the 3 years. At MACA and GRSA the mean values are 0.505 to 1.139, all within the upper and lower curves. The mean value from several U.S. cities [Warneck, 1988; Spicer et al., 1996; Sexton and Westberg, 1984] is about 0.400, similar to the gasoline vapor line in Figure 5 . If hydrocarbons are transported from surrounding cities, then average transport time at these two locations is from several to 40 hours. Note that the transport time in Figure 5 corresponds to transport during active photochemical processes at daytime; the actual transport time may be much longer than estimated here. At both locations the average ratios in 1995 and 1996 are almost 2 times larger than those in 1997, suggesting that local AHTH-HC sources contribute more heavily in 1997 than in the other two years. However, the ratios at SHEN are all small, some even lower than the initial value from any of the three sources mentioned above. Even assuming a fresh urban ratio of 0.400, on average the ratio at SHEN is about 7% lower in 1995 and about 30% lower in 1996 and 1997. Assuming a moderately aged air mass (as the case in 1996 at GRSM), then the ratio at SHEN is more than 50% lower than the assumed values in any of the years concerned. This can be explained only by contribution from another source that emits large amounts of toluene, such as solvent. Of course, benzene and toluene concentrations may be the combined result of local and distant sources, which is difficult to deconvolute with the methods suggested here. Table 6 lists the correlation coefficients between benzene and toluene and between toluene and m,p-xylene for all three sites in the 3 years. The correlation coefficients between toluene and m,p-xylene are more consistent than those between benzene and toluene because each has similar sources and reactivity. The correlation coefficients between benzene and toluene are highest on average at MACA, followed by GRSM, then SHEN. This may reflect the source compositions and the age of the air mass at each location. The same conclusion can be reached as for the concentration variation of selected compounds; that is, MACA and GRSM might reflect similar re- gional influence with regard to ANTH-HC, with the impact on MACA being the stronger. The poor correlation at SHEN indicates that benzene and toluene have different origin, at least for some portion.
Assuming chemistry processes to be the only sink for hydrocarbons, the relationship between some principal components can be further evaluated [Parrish et al., 1992; Rudolph et al., 1990] . Here we select isopentane, benzene, and toluene for analysis. Again, it is assumed that these compounds react only with OH in atmosphere and that all reactions are first order. The following relationship obtains After rearrangement, from (4) and (5) we obtain the following expression:
where
is a constant determined by the source factors and reaction coefficients.
The coefficient in (6) agreement with the theoretical value. Because OH radicals are generated by photochemical processes in the atmosphere, the above result means that the major pathway for destruction of these compounds in atmosphere is by photochemical processes. The intercepts in Figures 6a and 6b , small negative values, indicate that MACA and GRSM have similar sources: principally, for the three compounds studied, automobile exhaust. From the C values and intercepts above, the contribution from automobile exhaust can be estimated. Assuming that the contribution of automobile exhaust is equal to x, the contribution from gasoline and gasoline vapor is equal to 1 Ϫ x, and, since the C values of gasoline and gasoline vapor are similar and so can be averaged, the following holds:
where C auto is the C value of automobile exhaust; C a is the average C value of gasoline and gasoline vapor, and intercept is taken from Figures 6a to 6c. Plugging in the C values and intercepts from Figures 6a to 6b, the calculated contribution of automobile exhaust for the three compounds studied at MACA and GRSM is all over 90%, assuming that the three sources are the only possible ones. If the above equation were used to estimate the automobile contribution at SHEN, however, the result might be incorrect, since there might be a large contribution for toluene from another source that had no contribution to isopentane and benzene (Table 4) .
Biogenic Hydrocarbons
Since all the samples were collected during summertime, as argued above, the average isoprene concentrations at all sites are very high. This is consistent with other reports of seasonal dependence of isoprene levels [Fuentes et al., 2000; Hagerman et al., 1997; Rasmussen and Khalil, 1988] . Isoprene emissions are directly related to plant growth period and sunlight intensity. The dependence of log [isoprene] on temperature has been well established by several authors as well as by this work. The regression equations between isoprene (in ppbv) and temperature (ЊC) are given below ln (isoprene) ϭ 0.2451 ϫ temp Ϫ 2.9775 ͑SHEN͒
Note that even though the three sites are at three different locations (Figure 1) , the relationship between isoprene concentration and temperature is very similar, as shown by the regression coefficients and intercepts.
Compare these with the similar equations reported by Hagerman et al. [1997] and Jobson et al. [1994] (transformed from the original publication in accordance with current units): [Warneck, 1988] ). The equations in this study have higher regression coefficients and lower intercepts, which means that isoprene concentration increases more rapidly with temperature increase than in previous studies. In order to make further comparisons, linear regressions for log [isoprene] versus 1/T (T is absolute temperature, kelvin) for the three locations were also performed. The slopes were Ϫ8852 (GRSM), Ϫ9018 (SHEN), and Ϫ9318 (MACA); the intercepts were 31.03 (GRSM), 31.60 (SHEN), and 32.15 (MACA). In contrast, Young et al. [1997] produce similar equations for "Old Aspen" (where the dominant vegetation is aspen trees) with slopes of Ϫ7800 Ϯ 900 and intercepts of 27 Ϯ 3. Taking the slope as ϪE a /R (R is the gas constant, 0.008314 kJ/mol), the calculated activation energies E a for this study are 73.60 kJ/mol (GRSM), 74.96 kJ/mol (SHEN), and 77.99 kJ/mol (MACA). These are about 15% higher than Young et al.'s results (65 Ϯ 8 kJ/mol) at Old Aspen, but closer to the results Fujita et al. [1995] . Note: AutoEx, vehicle exhaust; GasVap, gasoline vapor; CNG, commercial natural gas; GNG, geogenic natural gas; LPG, liquefied petroleum gas; SOL-1, architectural coatings-composite solvent, MEDS 196; SOL-2, industrial coatings-solvent based, MEDS 783.
of Guenther et al. [1996] for isoprene production by isoprene synthase and for emission of isoprene from leaves (95 kJ/mol).
As in the relationship of log [isoprene] to 1/T, the slopes yield the activation energy for isoprene emission from vegetation. Similarly, the slopes in the relationship of log [isoprene] to T yield the temperature sensitivity of the vegetation in releasing isoprene. The difference in slope between locations may reflect the different mixtures of vegetation types. Upon interpolation the intercepts in the relationship of log [isoprene] to T yield the log concentrations of isoprene at T ϭ 0ЊC, which may reflect the background concentration of isoprene to some extent.
It should be pointed out that the relationship between isoprene and temperature is affected by many other factors in addition to the mixture of vegetation types, such as atmosphere conditions, including height of the boundary layer, vertical mixing, and turbulence in the atmosphere. Two of the sampling sites in this study are at elevations over 1000 m, another is at elevation of 219 m; atmospheric conditions may differ from those in previous studies where samples were taken at low elevations.
Assuming that isoprene reacts only with OH and O 3 , the lifetime of isoprene in atmosphere isoprene ϭ (k OH [OH] 
Ϫ1 . At OH ϭ 1.0 ϫ 10 6 molecules cm Ϫ3 and O 3 ϭ 1.0 ϫ 10 12 molecules cm Ϫ3 at 850 mbar and 298ЊK at the three sites, isoprene ϭ 10,526 s ϭ 2.9 hours. The flux of isoprene can be estimated by the following:
where F isoprene is isoprene flux (mg m Ϫ2 h
Ϫ1
), C isoprene is isoprene concentration (ppbv), p is air pressure (mbar), M is molecular weight of isoprene (68) Guenther et al. [2000] all the three locations are in the region with July emission rate of isoprene in the range of 130 to 250 mg C m Ϫ2 d Ϫ1 . When conversion of unit is made, our results are higher but still reasonable given the differing time of day and various assumptions. However, according to the different vertical profiles of isoprene reported by Guenther et al. [1996] , using the measured surface layer concentration to estimate the assumed 1.0 km mixed layer fluxes, our results may be overly high.
The pinenes that include the naturally emitted compounds ␣-pinene, ␤-pinene, and limonene have relatively constant concentrations at each site. At MACA, average pinene concentrations range from 2.55 to 3.54 ppbv; at GRSM they range from 1.82 to 3.26 ppbv; at SHEN they range from 2.74 to 2.78 ppbv (1995 data are not included, because of the extremely high concentration of ␣-pinene in that year). These compounds are produced mainly by conifers, and they are very reactive in atmosphere with lifetimes less than a few hours [Warneck, 1988] . Concentrations of even these compounds are lower than isoprene during summer. Unlike isoprene, which is produced only in summer, these compounds can be produced throughout the year, and may play an important role in atmospheric chemistry during other seasons in rural areas. Figure 6 . Relationship between ln (isopentane/benzene) and ln (toluene/benzene). 
Hydrocarbon Reactivities With Hydroxyl Radical
The contribution of hydrocarbon compounds to the production of photochemical ozone in troposphere starts with their reaction with OH and O 3 in the complex photooxidation mechanism. For most hydrocarbons, OH is the most important reaction pathway. To estimate the reactivity of hydrocarbons, we use the propylene-equivalent concentration method proposed by Chameides et al. [1992] :
where propy-equiv( j) is a measure of the concentration of species j on an OH reactivity based scale, normalized to the reactivity of propylene; conc( j) is the concentration of species j in ppbv; k OH ( j) is the rate constant for the reaction between species j and OH; and k OH (C 3 H 6 ) is the rate constant for the reaction between OH and propylene. Using this method and the rate constant for each compound with OH, propylene-equivalent concentrations were calculated. The dominant compound in propylene-equivalent concentration at each site for every year is always isoprene. The group contributions at each location for each year (for SHEN the 1995 data are not included) are shown in Figure 7 . The values on the right top corner are total propylene-equivalent concentrations (hydrocarbon totals are calculated by first individually calculating the propylene-equivalent concentration for each hydrocarbon, then summing them). It turns out that at all sites for any year, NAT-HC in which isoprene is a dominant member is always the dominant hydrocarbon group in propylene-equivalent concentration and is 69 to 95% of the total. In contrast to the group contribution in ppbv, the contributions of ALKANES are 2 to 4% only at MACA and GRSM for all years and are ϳ10% at SHEN in 1996 and 1997. Contributions of ALKENES are smaller, ϳ2%, at MACA and GRSM in 1995 and 1996 but rise to ϳ15% in 1997. Contributions of ALKENES are consistent, 7% at SHEN in 1996 and 1997. Contributions of TOT-AROM vary from 1% at GRSM in 1995 to 13% at SHEN in 1996. In general, the contribution of anthropogenic hydrocarbons in propylene-equivalent concentration at SHEN is larger (ϳ30%) than at the other two locations. The contribution of anthropogenic hydrocarbons increases at MACA and GRSM in 1997 compared with the previous 2 years, especially for ALKENES. In fact, because ALKENES are the most reactive class among anthropogenic hydrocarbons, their presence in large quantity indicates a significant local anthropogenic source.
It must be pointed out that the propylene-equivalent method, or any other OH reactivity method, prioritizes individual compounds according to their reactions only with OH Lawrimore et al. [1995] (surface, August 1993, 0500 -0800 LT). c Greenberg and Zimmerman [1984] (surface, August and September 1979 and 1980) . d Greenberg and Zimmerman [1984] (surface, August-September and November 1982).
e Hagerman et al. [1997] (June 1992 and 1993, 1200 -1300 LT).
f Hagerman et al. [1997] (June-August 1993, 1200 -1300 LT).
g This study (June-August, 1995 , 1200 -1300 .
h This study (June-August, 1997 , 1200 -1300 . i This study (June-July, 1995, 1200 -1300 LT). radicals. Nevertheless, this method, which builds the same basis for all the compounds in terms of their reactions with OH, presents a simple way to look at hydrocarbons in the domain of atmospheric chemistry and ozone formation. However, hydrocarbon reactions in atmosphere are very complex and depend on many factors including the availability of NO x and the ozone level.
In order to take a look at the relationship between ozone levels and hydrocarbon concentrations, the correlation coefficients between ozone and NAT-HC and between ozone and ANTH-HC are calculated for each year at all three sites. At MACA in 1995 both NAT-HC and ANTH-HC do not correlate with ozone (the correlation coefficients are below significant value). In 1996 the correlation coefficient r between ozone and NAT-HC is 0.707, but ANTH-HC does not correlate with ozone. In 1997, because only six ozone results were obtained, and the concentration of NAT-HC was almost constant, no significant correlation can be obtained. At GRSM in all 3 years the correlation coefficients are not significant. At SHEN in 1996, ozone correlates with ANTH-HC (r ϭ 0.697). In 1997 both NAT-HC and ANTH-HC do not correlate with ozone significantly. This analysis indicates that the relationship between ozone and hydrocarbons is very complex; ozone may be the combined result of both local production (mostly by reactions of NAT-HC compounds) and distant origin. Figures 8a-8c give the relationship between the concentration of daily maximum O 3 and the propyleneequivalent concentration of TNMHC (ppbv) for the three sites. In Figures 8a and 8b all 3 years' data are used, but in Figure 8c , only the 1996 and 1997 data are used. All the three figures show a positive correlation, even though it is weak, between the concentrations of the daily maximum O 3 and the propylene-equivalent concentrations of TNMHC. This suggests that nonmethane hydrocarbons contribute positively to the local production of O 3 in the national parks.
Comparison of Hydrocarbons With Other Rural Sites During Summer
Tables 7 and 8 summarize selected anthropogenic and biogenic hydrocarbons measured during the summer at various urban, semiurban, and rural sites. In Table 7 the data from the first two columns (Columbus, Ohio, and Houston, Texas) are from urban areas, the data from the third column (Raleigh, North Carolina) are from a semiurban area, and the data from the others are from rural and remote areas. As expected, Table  7 shows that the concentrations of anthropogenic compounds decrease from urban to semiurban to rural areas. The concentrations of anthropogenic compounds at MACA and GRSM are similar to those at other rural sites, but the situation at SHEN more closely resembles that of a semiurban area. Especially in terms of benzene and toluene, mean concentrations and the ratios between them are very similar at MACA and GRSM, and it seems that these two locations may be affected by similar anthropogenic sources. Table 8 shows that biogenic compounds at all three sites had concentrations comparable to those at other locations, but concentrations of ␤-pinene appeared to be lower at the three sites in this study than at other locations. However, it must be pointed out that because biogenic compounds vary with season, temperature, plant variety, and density, it is difficult to evaluate their relationship at different locations.
Conclusions
The major components of anthropogenic VOCs in southeast U.S. high-elevation national parks are isopentane (1.3 to 5.7 ppbv) from automobile exhaust and related gasoline handling, toluene (1.0 to 7.2 ppbv) from automobile exhaust, related gasoline operations, and solvents, and propane (2.1 to 12.9 ppbv) from commercial natural gas. Isoprene (6.3 to 18.4 ppbv) from biogenic source is the most abundant compound in summer in these parks. Anthropogenic VOCs from automobile exhaust are dominant at Mammoth Cave National Park, and at Cove Mountain, Great Smoky Mountains National Park, while at Big Meadows, Shenandoah National Park, the source composition is complex and changed from 1995 to 1996. On average, anthropogenic VOCs at Mammoth Cave National Park and Cove Mountain, Great Smoky Mountains National Park, are influenced on a regional scale in 1995 and 1996, but result largely from local sources in 1997. At Big Meadows, Shenandoah National Park, all 3 years' data strongly indicate a large contribution from local sources. The major pathway for VOCs destruction is by chemical processes. In summer, upon conversion into propylene-equivalent concentration, biogenic components including isoprene, ␣-pinene, ␤-pinene, and limonene (of which 80% is isoprene) are 69% to 95% of the total propylene-equivalent concentration in all three parks from 1995 to 1997. In all three national parks, when converted into propylene-equivalent concentration, nonmethane hydrocarbons positively affect the daily maximum O 3 . Isoprene concentration correlates with ambient temperature as reported by other researchers. At the three locations the relationship between isoprene concentration and temperature is quite similar, but the concentrations are more than 50% higher than in previous studies. Estimated isoprene fluxes during midday in summer are 9.0 mg m Ϫ2 h Ϫ1 at SHEN, 11.8 mg m Ϫ2 h Ϫ1 at GRSM, and 13.5 mg m Ϫ2 h Ϫ1 at MACA. Both anthropogenic and natural VOCs concentrations are comparable with previous studies for other rural areas.
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